Postmortem catabolism of Adenosine Triphosphate and Adenosine Triphosphate-related compounds, K value, pH, and texture of crucian carp were investigated during storage in ice. ATP and Adenosine Diphosphate degraded to Inosinic acid within 48 hours postmortem. There was a good relationship between pH value and IMP concentration (r = −0.753), IMP reached a top point at 3.33 ± 0.17 µmols/g in 4 hours postmortem; meanwhile, Hypoxanthine reached a bottom point at 0.038 ± 0.0052 µmol/g. K value increased linearly (r = 0.96) from an initial value of 0.54 to 1.66% in 48 hours postmortem. Texture analyses results suggested that rigor mortis lasted about 1 hour postmortem, after resolution of rigor, hardness, gumminess, and chewiness decreased in accordance with storage time (r = −0.88,−0.78, and −0.78, respectively). Those results indicated that it was better to effectively utilize the crucian carp in 2-4 hours postmortem. The K value might not be a good indicator to monitoring the loss of freshness of crucian carp during storage in ice since the K value was much lower than marine fish.
INTRODUCTION
Crucian carp (Carassius auratus) is a main freshwater fish species in China and has been widely used as a raw material for food productions because of its high nutritional value and palatability. The output of crucian carp reached 2,055,478 tons during 2009 in China according to the Yearbook of Fishery Statistics 2010. There are many researches related to crucian carp, such as thremmatology, [1] immunology, [2] and geochemistry, [3] however, limited information about postmortem changes of crucian carp was available.
After death, several postmortem changes in fish muscle take place, including Adenosine Triphosphate (ATP) degradation, drop of pH value, changes of texture, and water hold capacity, [4] which affect the freshness and shelf life of fish. Nucleotide degradation in postmortem fish muscle proceeds as follows: ATP → Adenosine Diphosphate (ADP) → Adenosine Monophosphate (AMP) 206 LI, LUO, AND SHEN → Inosinic acid (IMP) → Hypoxanthineriboside (HxR) → Hypoxanthine (Hx). In the early postmortem stage, ATP in the muscle of all fish species degraded to IMP via ADP and AMP, while IMP tend to accumulate with slower rate of breakdown to HxR. [5] IMP contributes to the sweet, creamy, meaty flavors of fresh fish according to Howgate. [6] The accumulation of HxR and Hx has been suggested to be related to both autolytic and microbial action. [7] The bitterness of Hx has been reported to make fresh fish with unpleasant flavor. [8] The K value is widely used to evaluate the freshness of fish, which is defined as the ratio of the sum of HxR and Hx to the sum of the ATP and related catabolites expressed as a percentage in marine fish. [9] The pH value of live fish muscle is close to neutrality and the lactate formed from glycolysis in the postmortem fish muscle tissue may lower the pH on the first day after death even at a temperature of 0 • C. [10] The texture is an important quality factor of fish products; it has been demonstrated that the raw fish meat is softer with only 1 day of chilled storage. [11, 12] It is known that loss of freshness and spoilage pattern in fish markedly vary from species to species. [4] The postmortem changes of several fish have been studied, such as ray fish, [5] cazon fish, [4] yellow grouper, [13] flounder, [10] cod, [8] etc. Most of the studies explored the postmortem changes in a rather long period after the death, however, it has been demonstrated that ATP rapidly degraded within 24 h postmortem. [4, 8] In this study, the ATP-related compounds, pH value, and texture of crucian carp during storage in ice within 1, 2, 4, 12, 24, 36, and 48 h after death in order to provide more information in terms of consumption and process of crucian carp.
MATERIALS AND METHODS

Collecting and Handling Samples
Crucian carps (weight 291 ± 25 g) were collected in aquatic products markets of Sidaokou in Beijing, China, and the samples were transported to a laboratory alive immediately after the purchase. Fish were killed by blowing its head and washed with cold water. After being drained and weighed, fish were packed in polyethylene bags and then put into plastic boxes in alternating layers of ice-fish-ice. The plastic boxes were stored in the refrigerator at 4 (±0.5) • C; ice in the boxes was changed every 12 h. White muscle obtained from three fish was used to determine the ATP-related compounds, pH, weight loss, and texture at 1, 2, 4, 12, 24, 36, and 48 h after death. All the detections were performed in triplicate.
ATP-Related Compounds
The ATP-related compounds were extracted as described by Song et al. [14] with some modifications: a 1-g sample of fish flesh was homogenized with 2 ml cold (4 • C) 10% (v/v) perchloric acid solution, and then centrifuged at 4000 r·min −1 for 3 min. The residue was extracted with 2 ml cold (4 • C) 5% (v/v) perchloric acid solution; the process was repeated twice. All the supernatants were collected and pH was adjusted to 6.4-6.5 using 10% (w/v) NaOH. The white crystal was separated by centrifuging at 4000 r·min −1 for 3 min, then washed with 2 ml cold (4 • C) 5% (v/v) pH 6.45 perchloric acid solution. All the supernatants were mixed and a constant volume to 10 ml was reached with deionized water, filtered through 0.45 µm membrane filter, then analyzed for ATP and its related compounds content using HPLC (Shimadzu, LC-10AT series, Tokyo, Japan) equipped with a SPD-10A (V) detector, and a VP-CDS C18 column (4.6 mm i.d. × 250 mm, 5 µm). The flow rate was 1 ml/min, and the peak was detected at 254 nm. The content of ATP and its related compounds was calculated based on standard ATP, adenosine diphosphate (ADP), adenosine monophosphate (AMP), inosine monophosphate (IMP), hypoxanthine riboside (HxR), and hypoxanthine (Hx). K values were calculated according to Saito et al. [15] by the following equation:
pH Value A 10-g sample of fish flesh was added into 90 ml of distilled water and stirred for 30 min, then the mixture was filtered and the filtrate was used to measure the pH value by a digital pH meter (Mettler Toledo FE20/EL20, Shanghai, China).
Instrumental Texture
The instrumental texture of fish muscle was carried out using a TA-XT2i Texture Analyzer (Stable Micro System, Surrey, UK). The samples were cut into 2.0 × 2.0 × 1.0 cm pieces, then compressed perpendicularly using a TPAP/50 cylindrical probe. The testing conditions were two consecutive cycles at 30% compression, cross-head movement at a constant speed of 1.0 mm/s, and a trigger point of 0.05 N, acquisition rate was 400 pps. Texture variables (hardness, gumminess, adhesiveness, cohesiveness, chewiness, and springiness) were calculated according to Cardoso et al. [16] Statistical Analysis
All the data were subjected to one-way analysis of variant (ANOVA). Analyses were performed with the SPSS computer program (SPSS 17, SPSS Inc., Chicago, IL, USA). LSD procedure (significant was defined at p < 0.05), regression lines of IMP concentration against pH value were drawn, and slopes of regression lines as the increasing of IMP concentration were calculated and descriptive statistics (including mean value and standard deviation) were used.
RESULTS AND DISCUSSION
Temporal Changes in Concentration of ATP and Its Related Compounds of Crucian Carp during Storage in Ice
Temporal changes in ATP concentration of crucian carp during storage in ice were shown in Fig. 1a . The initial concentration of ATP was 0.21 ± 0.01 µmol/g, similar to the results registered by Li et al., [13] who reported that the initial ATP content was 0.18 µmol/g in yellow grouper at 12 h postcatch. However, it was lower than 0.70 µmol/g and 0.44 µmol/g, respectively, in North Atlantic hake and monkfish according to Mendes et al. [7] The relatively low content of ATP may result from energy consumption such as struggling during capture and transportation [6, 7] as well as in different species. ATP concentration increased to 0.31 ± 0.01 µmol/g within 1 h after death because nucleotide was regenerated by degradation of creatine phosphate prior to destruction of ATP. [17] ATP concentration significantly (p < 0.05) decreased to 0.15 ± 0.04 µmol/g within 2 h after death. ATP concentration decreased slowly thereafter and the difference was not significant (p > 0.05); ATP concentration was 0.10 ± 0.02 µmol/g at 48 h after death. The literatures reported that ATP decreases rapidly to IMP via ADP and AMP within 24 h postmortem, [4, 5] which was caused by autolytic enzymes. [18] Figure 1b illustrated the temporal changes in ADP and AMP content of crucian carp during storage in ice. ADP decreased during the storage period, which indicated the conversion of ADP into IMP constantly. The AMP concentration decreased in the first 4 h postmortem and a gradual increase was observed during the subsequent storage period. This might indicate the existence of both decrease and accumulation of AMP, but the accumulation was prior to the decrease of AMP in the subsequent storage period.
The temporal changes of IMP content were shown in Fig. 1c . The initial concentration of IMP was 2.58 ± 0.11 µmols/g; it was lower than many other fish species, such as black skipjack, [19] seer fish, [20] and cazon fish, [4] whose initial contents were 7.00, 8.80, and 6.35 µmols/g, respectively. The concentration of nucleotides varied considerably from fish to fish. [7] The IMP concentration significantly (p < 0.05) increased to a top point at 3.33 ± 0.17 µmols/g in 4 h postmortem and a gradual decrease was observed thereafter. After 48 h postmortem, IMP concentration declined to 2.68 ± 0.24 µmols/g, which was still higher than the initial value. IMP can enhance the flavor of meaty food and contribute to the flavor of food in association with amino acids. [6, 21] Howgate pointed out that some species with low initial IMP concentration might be somewhat bland in flavor. [6] In this study, because of relatively low initial IMP concentration, it was better to effectively utilize the crucian carp in 2-4 h postmortem during ice storage. Figure 1d illustrated the temporal changes in Hx content of crucian carp during storage in ice. The initial concentration of Hx was 0.029 ± 0.015 µmol/g, which was relatively lower than many other fish species. [4, 5, 13] The Hx concentration significantly (p < 0.05) decreased in 4 h postmortem and a gradual increase to 0.038 ± 0.005 µmol/g was observed at 48 h postmortem. It had been reported that hypoxanthine, which together with several free amino acids and anserine, carnosine, and other dipeptides, might contribute to bitter flavor characteristics. [22] Notable was the fact that HxR was hardly detectable in this study, which indicated extremely rapid turnover, i.e., an active nucleoside phosphorylase system in crucian carp muscle. [10] 
Temporal Changes in K Value of Crucian Carp during Storage in Ice
Postmortem changes of K value of crucian carp muscle during storage in ice was shown in Fig. 2a . The K value, defined as the ratio of nonphosphorylated ATP-breakdown products to the total ATPbreakdown products, had been used as a freshness measure in many species. [19] No significant (p > 0.05) change in K value was found in the first 12 h postmortem and K value reached 1.66% at 48 h postmortem. This was relatively lower than many other reports. [17, 19] Saito et al. [15] described very flesh fishery product with a K value lower than 20% as "sushi" or "sashimi" grade (optimal grade of freshness). [10] . Those results indicated that compared to marine fish, K value might not be a good indicator to monitor the loss of freshness of crucian carp during storage in ice.
Temporal Changes in pH of Crucian Carp during Storage in Ice Figure 2b showed postmortem changes of pH of crucian carp muscle during storage in ice. The initial pH was 7.06 ± 0.04. This value was similar to bream reported by Song et al., [14] nevertheless, it was higher than lingcod [23] and tiger tooth croaker [24] whose initial pH was 6.63 and 6.71, respectively. pH value of fish during postmortem can vary from 6.0 to 7.1 depending on species, season of catching, diet, level of activity, and other factors. [13] The pH significantly (p < 0.05) declined to a bottom point at 6.95 ± 0.03 in 4 h postmortem, and a gradual increase was observed thereafter. The decline in pH could be the result of accumulation of lactic acid and octopine; the amount of lactic acid produced was related to the amount of carbohydrate (glycogen) in the living tissue. [10] The pH value increased to 7.16 ± 0.04 in 48 h postmortem, which may due to production of volatile basic components, such as ammonia and trim ethylamine by fish spoilage bacteria. [25] In this study, it was found that there was a good correlation between pH value and IMP concentration. IMP concentration could be predicted using pH value according to the following equation: y (IMP) = −2.763x (pH) + 22.424, r = −0.753, p < 0.05.
Instrumental Texture
Texture analyses results of crucian carp during storage in ice were shown in Table 1 . Hardness, gumminess, and chewiness increased significantly (p < 0.05) within 1 h postmortem, which indicating that rigor mortis occurred. Thereafter, hardness, gumminess, and chewiness decreased in accordance with the storage time. The fish death triggers autolytic and microbiological processes that make the muscle soften and less elastic. [26] After resolution of rigor, the average values of hardness, gumminess, and chewiness correlated significantly (p < 0.05) with storage time (r = −0.88, −0.78, and −0.78, respectively). It had been reported that soft texture in fish may be caused by the breakdown of the extracellular matrix, in particular collagen, and to a lesser extent by the proteolysis of the intracellular myofibrillar proteins. [27] In this study, results indicated that hardness, gumminess, and chewiness might be in accordance with the breakdown of the extracellular matrix and the proteolysis of myofibrillar proteins during the storage time.
CONCLUSION
This article indicated that ATP and ADP decreased to IMP rapidly within 48 h postmortem, and there was existence of both a decrease and accumulation of AMP, but the accumulation was prior to the decrease of AMP in the subsequent storage period. The IMP concentration reached a top point at 3.33 ± 0.17 µmols/g in 4 h postmortem, meanwhile Hx reached a bottom point at 0.038 ± 0.0052 µmol/g, which indicated that it was better to utilize the crucian carp at 2-4 h postmortem. There is a good relationship between pH value and IMP concentration; therefore, the pH value could be a good indicator to predict the IMP concentration (r = −0.753). K value in crucian carp muscle was much lower than many marine fish, indicating that K value might not be a good indicator to monitor the loss of freshness of crucian carp during storage in ice. Results of texture analysis suggested that rigor mortis last about 1 h postmortem.
